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INTRODUCTION 

A thermodynamic d a t a  base i s  requi red  both  f o r  the  understand- 
i n g  and t h e  proper  des ign  of processes  u t i l i z i n g  c o a l  and c o a l  
products .  S i n c e  it is i m p r a c t i c a l  t o  a c q u i r e  t h e  necessary  d a t a  
f o r  each process  and f o r  each i n d i v i d u a l  c o a l ,  i t  i s  important  t o  
e s t a b l i s h  p r e d i c t i v e  c o r r e i a t i o n s  between t h e  phys ica i  ana chemicai 
parameters o f  t h e  m a t e r i a l s  and t h e i r  thermodynamic p r o p e r t i e s .  

Heat c a p a c i t y  d a t a  can be u s e d  to  c a l c u l a t e  t h e  v a r i a t i o n  of 
t h e  thermodynamic p r o p e r t i e s ,  H,S.G, etc. v i t h  temperature. Conven- 
t i o n a l  c o r r e l a t i o n s  of t h e  h e a t  c a p a c i t i e s  r e l y  on the  a d d i t i v i t y  
approach, namely, t h a t  t h e  t o t a l  h e a t  c a p a c i t y  of a dry  c o a l  i s  a 
m a t t e r ,  and i n o r g a n i c s  (1,2.3). The c o r r e l a t i o n  is successfu l  i n  
t h e  sense  t h a t  h e a t  load c a l c u l a t i o n s  w i t h i n  20% a r e  poss ib le .  

The method h a s  s e r i o u s  shortcomings inasmuch as it does n o t  
take  i n t o  account  t h e  thermal h i s t o r y  of t h e  chars ,  the  v a r i a b i l i t y  
of t h e  char  s t r u c t u r e  w i t h  the  rank of  t h e  p a r e n t  c o a l  and t h e  
i n t e r a c t i o n s  between t h e  o r g a n i c  and i n o r g a n i c  components of  t h e  
c o a l  and/or of t h e  char .  Fac tors  which a f f e c t  the  h e a t  c a p a c i t y  
of c o a l s  a r e :  

o The rank and inorganic  mat te r  c o n t e n t  of  t h e  coal :  
o The mois ture  conten t :  
o The aging h i s t o r y  of t h e  c o a l  sample. 

F a c t o r s  which a f f e c t  t h e  h e a t  c a p a c i t y  of c h a r s  a r e :  

o The rank and inorganic  m a t t e r  c o n t e n t  of t h e  parent  coa l :  
o The gaseous atmosphere p r e s e n t  dur ing  pyro lys i s :  
o The thermal  h i s t o r y  of t h e  char .  

Vhe h i s t o r y  of a char  i s  determined by: 

o The p y r o l y s i s  temperature;  
o The r a t e  a t  which t h e  c o a l  temperature  i s  increased  from 

o The r e s i d e n c e  t i m e  of t h e  char  a t  t h e  p y r o l y s i s  temperature .  
ambient t o  p y r o l y s i s  temperature:  
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Avai lable  d a t a  (4 ,5 ,6 ,7 ,8 ,9)  f o r  c h a r s  and c o a l s  cover  l i m i t e d  
temperature  ranges and t h e  thermal  h i s t o r i e s  and composi t ions of t h e  
char  samples a r e  o f t e n  i l l - d e f i n e d  or unavai lab le .  Thus, i t  was 
n o t  p o s s i b l e  to d e r i v e  a u n i v e r s a l  c o r r e l a t i o n  f o r  t h e  h e a t  capa- 
c i t ie ,  tak ing  t h e  l i s t e d  f a c t o r s  i n t o  account .  

I n  an a t tempt  to e s t a b l i s h  a thermodynamic d a t a  b a s e  f o r  c o a l s  
and chars  and t o  a s s e s s  the  r e l a t i v e  importance and e f f e c t  o f  t h e  
f a c t o r s  l i s t e d ,  on t h e  h e a t  capac i ty ,  e x t e n s i v e  work was under- 
taken and i s  cont inuing  a t  C i t y  Col lege  (10,11,12,13) .  f;n t h i s  
p r e s e n t a t i o n  w e  w i l l  l i m i t  o u r s e l v e s  t o  t h e  d i s c u s s i o n  of  r e s u l t s  
on chars .  

EXPERIMENTAL DETAILS 

A s u i t e  o f  samples was prepared f o r  experimental  work i n  a 
sys temat ic  manner. Three c o a l s  o f  d i f f e r e n t  rank and petrography 
w e r e  used a s  s t a r t i n g  m a t e r i a l s .  These s e l e c t e d  ' p a r e n t s '  w e r e  
a North Dakota l i g n i t e ,  an I l l i n o i s  No. 6 HVB sub-bituminous, and 
a Virg in ia  HVA sub-bituminous c o a l .  The carbon c o n t e n t  of t h e s e  
c o a l s  range from 6 3  t o  73 weight  p e r c e n t  (dry b a s i s ) .  The c o a l s  
w e r e  ground i n  a b a l l  m i l l  t o  f i n e r  than 250 mesh. Half o f  t h e  
c o a l  grounds w e r e  demineral ized us ing  t h e  a c i d  wash procedure ( 1 4 ) .  
The o t h e r  h a l f  was used without  f u r t h e r  t rea tment .  

The p y r o l y s i s  was done i n  an i n e r t  atmosphere, by sweeping 
t h e  furnace wi th  n i t r o g e n  g a s  (1-SCFM f low r a k e ) .  The samples 
w e r e  heated t o  t h e  p y r o l y s i s  temperature  with a r e l a t i v e l y  s l o w  
h e a t i n g  r a t e  o f  5oC per  minute. Both p y r o l y s i s  temperature  and 
res idence  t i m e  a t  temperature  were used a s  v a r i a b l e s  f o r  e s t a b -  
l i s h i n g  thermal h i s t o r i e s  f o r  t h e  chars .  P y r o l y s i s  temperatures  
Used w e r e  500oC, 7OOoc, 900° C and 1 1 O O o C .  
0.1, 1, 2,  and 24 hours .  The char  and c o a l  samples w e r e  charac-  
t e r i z e d  by composition, poros i ty ,  pore s i z e  d i s t r i b u t i o n  and X-ray 
d i f f r a c t i o n .  

Residence t i m e s  w e r e  

Heat c a p a c i t y  d a t a  w e r e  c o l l e c t e d  between 75K and 300K i n  a 
c r y o s t a t  which was modified i n  o r d e r  t o  use t h e  a d i a b a t i c  s h i e l d  
technique Of c a l o r i m e t r y  (15,16) . To e l i m i n a t e  t h e  c o n t r i b u t i o n s  
of adsorbed water  to t h e  s p e c i f i c  h e a t ,  t h e  experimental  samples 
w e r e  vacuum d r i e d  a t  llOoc p r i o r  to loading  i n t o  t h e  c a l o r i m e t e r .  
The ca lor imeter  was k e p t  c o n s t a n t l y  under vacuum dur ing  t h e  exper i -  
mental runs.  Each specimen was measured a t  l e a s t  t w i c e  i n  sepa- 
r a t e  experimental  runs .  The accuracy and r e p r o d u c i b i l i t y  o f  t h e  
c a l o r i m e t r i c  d a t a ,  and the v a l i d i t y  of t h e  d a t a  r e d u c t i o n  scheme 
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w e r e  checked by t h e  measurement and t h e  de te rmina t ion  of t h e  heat  
c a p a c i t y  o f  copper and g r a p h i t e  samples (17,18,19). The d a t a  
i s  judged r e l i a b l e  to  one percent  accuracy i n  t h e  temperature  
range o f  75K t o  220K. 

I n  t h e  150K t o  lOOOK range h e a t  c a p a c i t y  da ta  was c o l l e c t e d  
us ing  a D i f f e r e n t i a l  Scanning Calor imeter  (DSC). The h e a t  capa- 
c i t i es  w e r e  measured under an Argon atmosphere. The raw DSC data  
were converted i n t o  h e a t  c a p a c i t i e s  by c a l i b r a t i o n  of  t h e  i n s t r u -  
ment using a Sapphire  h e a t  c a p a c i t y  s tandard .  
DSC d3.t-a i s  es t imated  a t  2 percat. 

The accuracy o f  the 

RESULTS; EFFECT O F  INORGANIC PHASE 

The g e n e r a l i t y  o f  the a d d i t i v i t y  hypothes is  f o r  t h e  h e a t  
c a p a c i t y  o f  t h e  c h a r s  was t e s t e d  by determining t h e  h e a t  capa- 
c i t i e s  o f  c h a r s  prepared from u n t r e a t e d  c o a l s ,  i.e., inc luding  
t h e  i n o r g a n i c  m a t t e r ,  and from c o a l s  which have been deminer- 
a l i z e d .  The experimental  d a t a  a r e  shown i n  F igures  1,2, and 3. 
It  was found t h a t  f o r  t h e  chars  prepared from I l l i n o i s  and 
V i r g i n i a  c o a l s  t h e  t o t a l  h e a t  c a p a c i t y  could be expressed on a 
weight  b a s i s  a s :  

cs = ( l - W ) C o  + wc 

Where cs, co and Ca a r e  t h e  h e a t  c a p a c i t i e s  of t h e  char ,  ash f r e e  
o r g a n i c  m a t t e r  and a s h  r e s p e c t i v e l y  and w i s  the  weight. f r a c t i o n  
o f  a s h  i n  t h e  c h a r .  The temperature  dependence of  Ca i n  t h e  75K 
t o  300K range  v a r i e s  depending on t h e  o r i g i n  of  t h e  ash.  

The p r e p a r a t i o n  o f  l i g n i t e  based char  from u n t r e a t e d  c o a l  
i s  complicated by t h e  c a t a l y t i c  e f f e c t  of t h e  included i n o r -  
g a n i c  m a t t e r  on t h e  p y r o l y s i s  r e a c t i o n .  Both the  r a t e  of 
p y r o l y s i s  and the s t r u c t u r e  of  t h e  char  formed a r e  a f f e c t e d  by  
t h e  presence  of  inorganic  mat te r .  Therefore ,  i t  is  n o t  s u r -  
p r i s i n g  t h a t  the t o t a l  h e a t  c a p a c i t y  of a l i g n i t i c  char  does not  
fo l low t h e  a d d i t i v i t y  hypothesis .  

The c o n t r i b u t i o n  of t h e  ash  t o  t h e  t o t a l  h e a t  c a p a c i t y  of the  
char  i s  n o t  t r i v i a l .  On a weight  b a s i s  t h e  a s h  h e a t  c a p a c i t y  a t  
room tempera ture  is about four  t i m e s  g r e a t e r  than t h e  h e a t  capa- 
c i t y  of t h e  corresponding ash  f r e e  organic  m a t t e r  i n  t h e  char .  
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EFFECT OF PYROLYSIS TEMPERATURE AND CHAR PARENTAGE 

The dependence of t h e  h e a t  c a p a c i t i e s  on p y r o l y s i s  temperature  
and o r i g i n  was examined by de termina t ion  of t h e  h e a t  c a p a c i t i e s  o f  
c h a r s  prepared a t  s e v e r a l  p y r o l y s i s  temperatures  from deminer- 
a l i z e d  c o a l s  with one hour r e s i d e n c e  t i m e  a t  t h e  p y r o l y s i s  tempera- 
t u re s .  I n  o r d e r  t o  compare t h e  d a t a  on t h e  d i f f e r e n t  chars  q u a n t i -  
t a t i v e l y ,  t h e  measured h e a t  c a p a c i t i e s  must be c o r r e c t e d  f o r  res i -  
dua l  ash c o n t r i b u t i o n s  and need to  be converted from a p e r  u n i t  
mass t o  a per  m o l e  (ash f r e e )  atom b a s i s .  

The h e a t  c a p a c i t i e s  a t  a g iven  temperature ,  o f  c h a r s  of iden-  
t i c a l  thermal h i s t o r y ,  a r e  n o t  simply r e l a t e d  t o  t h e  r a n k - o f  t h e  
p a r e n t  coa l .  A s  seen  i n  F igure  4 t h e  l i g n i t e  c h a r s  have t h e  h i g h e s t  
h e a t  c a p a c i t i e s  and Virg in ia  chars  t h e  l o w e s t  a t  l o w  temperatures .  
However, t h i s  order  i s  reversed  a t  high temperatures .  

1 

In  Figures  5,6, and 7 t h e  dependence of  t h e  char  h e a t  capa- 
c i t i es  on p y r o l y s i s  temperature  a r e  shown. The behavior  i s  aga in  
complex. On a u n i t  mass b a s i s  t h e  h e a t  c a p a c i t i e s  f o r  a char  of  a 
given parentage shows cross-overs  w i t h  temperature .  This  phenomenon 
i s  e s p e c i a l l y  pronounced f o r  t h e  c h a r s  o r i g i n a t i n g  from t h e  h i g h e r  
ranked c o a l s .  

EFFECT OF RESIDENCE TIME AT PYROLYSIS TEMPERATURE 

Demineralized Virg in ia  c h a r s  prepared a t  l l O O ° C  were used to  
i n v e s t i g a t e  t h e  e f f e c t  of  res idence  t i m e  on t h e  h e a t  c a p a c i t i e s .  
The v o l a t i l e  m a t t e r  was e f f e c t i v e l y  removed from t h e  c o a l  by t h e  
time t h e  p y r o l y s i s  r e a c t o r  reached t h e  p y r o l y s i s  temperature .  Thus, 
t h e  only  f u r t h e r  changes t h a t  occur  a s  a f u n c t i o n  of  t i m e  a r e  dehy- 
drogenat ion and g r a p h i t i z a t i o n  ( s t r u c t u r a l  o r d e r i n g )  o f  t h e  char .  
The h e a t  c a p a c i t i e s  of  t h e  c h a r s  decrease  w i t h  i n c r e a s i n g  r e s i d e n c e  
t i m e  up t o  1 hour, then i n c r e a s e  f o r  a 24-hour c h a r .  We show t h i s  
behavior  a s  h e a t  c a p a c i t y  isotherms i n  F igure  8. This  is i n t e r -  
p re ted  a s  i n d i c a t i n g  t h a t  e q u i l i b r a t i o n  t o  a f i n a l  H/C r a t i o  a t  
t h e  p y r o l y s i s  temperature  is  a f a s t  p rocess  r e l a t i v e  t o  t h e  order-  
i n g  of t h e  char  which m u s t  t a k e  p lace  by s o l i d  phase d i f f u s i o n .  

I 

CORRELATION O F  THE CHAR HEAT CAPACITY WITH PHYSICAL PARAMETERS 

The primary i n t e r e s t  i n  t h i s  r e s e a r c h  was to  f i n d  a c o r r e l a -  
t i o n  between t h e  h e a t  c a p a c i t i e s  and p h y s i c a l  parameters  t h a t  
c h a r a c t e r i z e  t h e  chars .  The parameters should inc lude ,  a t  l e a s t ,  
t h e  char  composition and t h e  thermal  h i s t o r y  of  t h e  chars .  
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The h e a t  c a p a c i t y  o f  a s o l i d  i s  reasonably wel l -descr ibed by 
t h e  Debye theory.  One can i n v e r t  t h e  h e a t  c a p a c i t y  Cv us ing  t h e  
well-known r e l a t i o n :  

To o b t a i n  t h e  e f f e c t i v e  Debye temperature  e a s  a f u n c t i o n  of  
temperature  T, t h e  measured s p e c i f i c  h e a t  ob ta ined  a t  cons tan t -  
p r e s s u r e  c o n d i t i o n s  can be used i n s t e a d  of t h e  constant-volume 
s p e c i f i c  h e a t  Cv, c a l l e d  f o r  by t h e  theory ,  s i n c e  f o r  a s o l i d  
t h e  d i f f e r e n c e  between Cp and Cv i s  w i t h i n  experimental  e r r o r  
a t  l e a s t  below 300K. Values o f  t h e  i n t e g r a l  i n  Equat ion 2 can 
be found i n  s t a n d a r d  t a b l e s  ( 2 0 ) .  W e  w e r e  a b l e  to c o r r e l a t e  e ( T )  
for  t h e  c h a r s  w i t h  parentage,  composition and p y r o l y s i s  tempera- 
t u r e  T~ ( i n  O K ) .  

T o  apply  t h e  Debye model t o  a char ,  t h e  o r d i n a r y  theory  m u s t  
b e  modified ( 2 1 ) .  Consider t h a t  t h e  carbon and " o t h e r  k inds"  of  
atoms o f  t h e  c h a r  a r e  d i s t r i b u t e d  randomly i n  t h e  s o l i d  mat r ix .  
S i n c e  t h e  c h a r s  c o n s i s t  o f  about  90% ( o r  more) carbon atoms, 
o n l y  carbon-carbon and carbon-"other"  atom i n t e r a c t i o f i s  need be 
cons idered  f o r  c a l c u l a t i o n  of  t h e  char  v i b r a t i o n a l  f requency 
spectrum. I f  t h e  c h a r  c o n s i s t e d  o f  carbon atoms only ,  t h e  spec- 
t r u m  would depend s o l e l y  on t h e  arrangement of  t h e  carbon atoms 
i n  the  matr ix .  The o r d e r l i n e s s  o f  t h i s  arrangement depends on 
t h e  p y r o l y s i s  temperature  ( and r e s i d e n c e  t ime) .  This sugges ts  
use  of t h e  p y r o l y s i s  temperature  TP! a s  a nondimensional iz ing 
parameter  to  c a l c u l a t e  e a s  a dunct ion  of a reduced temperature  
Tr=T/Tp. This  a l lows  u s  t o  compare t h e  e f f e c t i v e  Debye tempera- 
t u r e s  f o r  c h a r s  o f  t h e  same parentage  b u t  d i f f e r e n t  thermal  his-  
tories.  

T h e  carbon-other  atom i n t e r a c t i o n s  w i l l  modify t h e  v i b r a -  
t i o n a l  spectrum by t h e  a d d i t i o n  o f  s i n g u l a r  v i b r a t i o n a l  modes 
which w i l l  add o n t o  t h e  spectrum i n  t h e  form of E i n s t e i n - l i k e  
terms. These terms should,  to  t h e  lowes t  o r d e r ,  be  p r o p o r t i o n a l  
t o  t h e  product  of t h e  carbon atom abundance and t h e  " o t h e r "  atom 
abundance. 

The c o r r e l a t i o n  which was found (12 )  t o  f i t  t h e  suggested 
model, us ing  d a t a  from 75K t o  300K, i s  g iven  by: 
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I 

where 1-x = t h e  atomic f r a c t i o n  of  carbon i n  t h e  ash- f ree  c h a r ,  

f o r  a char  c o n s i s t i n g  of carbon atoms alone:  

t o  t h e  "o ther"  atoms; 
B o  and I w e r e  found by t r i a l  and error f i t t i n g  of  Equation 3 
t o  t h e  experimental  d a t a .  

e o ( T r )  = a Debye temperature  a t  a given value of  Tr 

I ( T r )  = an i n t e r a c t i o n  parameter connect ing t h e  carbon 

A t  t h e  p r e s e n t  t i m e  w e  a r e  cont inuing  t h e  i n t e r p r e t i v e  work 
t o  r e f i n e  t h e  c o r r e l a t i o n  equat ion  and t o  inc lude  i n t o  i t  t h e  
res idence  t i m e  dependence of  t h e  h e a t  c a p a c i t i e s .  
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